Retinoic acid (RA) derived from vitamin A is necessary for, among other things, mammalian embryonic development. Although the impact of RA-dependent gene-regulation on embryonic development has been examined through genetic disruption of the retinoid receptors, the understanding of the underlying molecular mechanism remain unclear, in part, due to the difficulty in identifying RA-regulated genes in an intact embryo. We report here that RA-regulated genes can be identified from total RA-deficient embryos created by retinol-binding protein antisense (RBP-AS) oligodeoxynucleotide treatment in conjunction with differential display. Of the 28 genes isolated, 15 genes matched known genes in the GenBank database and the others either represented EST sequences or encoded novel genes. Semi-quantitative reverse transcriptase-polymerase chain reaction verified that the mRNA levels of mouse DN 38, COL VI 3a, cul-1, a-tropomyosin, and PP2A-Ca were substantially increased, whereas mouse Msh 2, Ndufa2, Ribosomal protein S19, sFRP-1, GDAP-10 and mSmcD were significantly decreased in vitamin A deficient (VAD) embryos compared to the control embryos. The utility of the method is exemplified by our finding that several genes in the Wnt signaling pathway are vitamin A regulated in day 9.0 post coitum (p.c.) embryos. q
Results and discussion

Generation and verification of vitamin A deficient (VAD) embryos
Injection of retinol-binding protein antisense (RBP-AS) oligodeoxynucleotides into the exocoelomic cavity of developing mouse embryos (presomitic to 25 somites pairs stage) provides several advantages for studying retinoic acid (RA) function in early mouse development in that total, stage-specific, embryonic RA deficiency can be achieved in a short amount of time (Båvik et al., 1996) . In this study, we extracted RNA from both RBP-AS injected and control embryos (day 9.0 post coitum (p.c.) cultured embryos) to use as starting material for gene screening.
To ensure the genes obtained in this study were expressed in the embryos proper, we discarded the yolk sac before RNA extraction. The activity of the RA-regulated RARb 2 promoter was measured in RARb 2 -Lac Z transgenic embryos treated with RBP-AS to verify vitamin A deficiency (VAD). As indicated on the gel (Fig. 1) , Lac Z expression was first detected in the control RNA after 25 cycles and continued to increase until 40 cycles. In contrast, Lac Z expression in the RBP-AS injected embryonic RNA was too weak to be detected even after 40 polymerase chain reaction (PCR) cycles. Weak Lac Z expression was detected in ten-fold diluted control RNA at 40 cycles. As a control, GAPDH was found to be expressed at the same level in both the control and RBP-AS injected samples. These results verify that the transcription of RARb 2 promoter is dramatically decreased as a result of 12 h RBP-AS exposure and is at least ten-fold lower than the control sample.
1.2. Isolation of RA-responsive genes via mRNA differential display from day 9.0 p.c. cultured embryos
We performed differential display in duplicate sets of samples with 48 primer combinations. The strategy for conducting differential display is presented in Fig. 2 . A total of 43 cDNA fragments were carefully selected from differential display gel after comparison of the intensity and the migration pattern of the cDNA fragments from both RBP-AS injected and control samples on the gel (for example see Fig. 3A ). We next analyzed the re-amplified PCR products by bisbenzimide-polyethylene glycol (PEG) electrophoresis. Bisbenzimide is a DNA ligand (preferentially binds to A 1 T contents), which can be covalently coupled to PEG (Muller et al., 1997; Yoshikawa et al., 1998) . By utilizing this gel, we were able to further separate a single cDNA fragment from heterogeneous cDNA fragments that co-migrated on the differential display gel (Fig. 3B) . A total of 28 cDNA fragments were chosen and extracted from the bisbenzimide-treated gel. These cDNA fragments were subsequently cloned and sequenced.
Sequence analysis of the isolated genes
We compared the sequences of the cDNAs with the genes deposited to the NCBI GenBank database. A large portion of the selected cDNA fragments represented known genes involved in various cellular functions (Table 1) . Among the identified known genes, we identified three genes involved in the Wnt signaling pathway. Mouse Secreted Frizzled related protein-1 (sFRP-1) is a Wnt inhibitor (Leimeister et al., 1998; Rattner et al., 1997; Hoang et al., 1998) . Protein phosphatase-C alpha subunit (PP2A-Ca) is known to be involved in the regulation of the beta-catenin stability (Götz and Kues, 1999; Uusitalo et al., 1999; Ratcliffe et al., 2000) . Cullin-1 (cul-1) functions as core component of the E3 ubiquitin ligase involved in targeting beta-catenin for ubqitin-dependent proteasome degradation (Kipreos et al., 1996; Dealy et al., 1999; Maniatis, 1999) . Two other identified genes, NADH dehydrogenase 1 alpha subcomplex 2 (Ndufa2) and ATPase subunit 6 (ATPase 6) have a common function in that they are known to involve in oxidative phosphorylation in the mitochondria (Emahazion and Brookes, 1998; Sato et al., 2000) . In addition, we also found that two genes, GDAP-10 and RPS19 were recently Fig. 1 . Semi-quantitative RT-PCR analyses of day 9.0 p.c. cultured embryos and control embryos. Day 8.5 p.c. transgenic embryos were either injected with RBP-AS oligodeoxynucleotides (100 mM) or received no treatment and were subsequently cultured for 12 h. RBP-AS injected RNA (100 ng), control RNA (100 and 10 ng) were analyzed by semi-quantitative RT-PCR to assay Lac Z expression (upper band). reduced form of guanosine adenine dinucleotide phosphate (GAPDH) primers were added to the same PCR reaction tube to serve as an internal control for the reaction (bottom band). PCR products were removed every five cycles after 25 cycles until 40 cycles. Ten microliters of each PCR product was loaded to 2% agarose gel. AS, RBP-AS RNA; N, control RNA; N/10 £ , control RNA with ten-fold dilution; M, DNA marker. reported as RA-regulated genes in cultured cells (Liu et al., 1999, Bévort and Leffers, 2000) .
Semi-quantitative reverse transcriptase-PCR (RT-PCR) analysis of candidate genes in RBP-AS injected embryos vs. control embryos
To verify that the selected candidate genes were differentially expressed in RBP-AS injected vs. control cultured embryos, semi-quantitative RT-PCR was performed. Again, we extracted total RNA from both day 9.0 p.c. cultured RBP-AS injected and control embryos (excluding yolk sac). RNA integrity and RARb 2 promoter activity were examined by semi-quantitative RT-PCR prior to the examination of the selected candidate genes (data not shown). All previously known genes identified in the differential display were subjected to semi-quantitative RT-PCR analysis, except clones encoding transcripts of mitochondrion gene due to the difficulty of finding suitable primers. We observed a substantial increase in expression of mouse DN 38, atropomyosin, COL VI 3a and PP2A-Ca transcription levels in the RBP-AS injected cultured embryos compared to the control embryos (Fig. 4A ). Transcription levels of mouse Msh 2, Ndufa2, Ribosomal protein S19, cul-1, sFRP-1, GAPD-10 and mSmcD, on the other hand, were significantly decreased in RBP-AS injected embryos compared to control embryos (Fig. 4B ). Altogether, of the genes identified by the differential display and tested by semi-quantitative RT-PCR, all but CCT8 theta and ATPase 6 were verified to be clearly affected by the RBP-AS treatment.
Three EST sequences (GenBank accession number AI661726, AI844577 and BE685770) were also subjected to the semi-quantitative RT-PCR analysis with RNA from RBP-AS and control embryos. We observed a substantial decrease in AI661726 and AI844577 transcription level in RBP-AS embryos whereas the transcription level of BE685770 was slightly increased (Fig. 4C ).
1.5. RA promotes cul-1 expression but suppresses PP2A-Ca, a -tropomyosin, and COL VI 3a in day 9.0 p.c. cultured embryos
We further examined four of the candidate genes, Cul-1, COL VI 3a, PP2A-Ca, and a-tropomyosin, with semiquantitative RT-PCR to verify that the genes were regulated by RA. Embryos were cultured in the presence of RA according to the experimental procedure described in Section 2.2. RARb 2 promoter activity of the transgenic embryos was determined by semi-quantitative RT-PCR (Fig. 5A ) and b-galactosidase activity analysis (data not shown) to confirm that the embryos responded to the RA treatment. As expected, the mRNA level of the mouse cul-1 was increased in the excess-RA-treated embryos (Fig. 5B) . Moreover, we observed that the mRNA level was rapidly increased after 6 h of RA exposure and reached its highest at 12 h (Fig. 5C ). Three genes, COL VI 3a, PP2A-Ca, and atropomyosin, on the other hand, showed a significant decrease in embryos exposed to RA, as expected by their response to RBP-AS treatment (Fig. 5D) .
We estimate we have screened about 10% of mRNA species in day 9.0 p.c. embryos and surprisingly identified no less than three RA-regulated genes (sFRP-1, PP2A-Ca, and cul-1) involved in the Wnt signaling pathway.
Experimental procedures
Transgenic animals, RBP-AS injection and embryo culture
Transgenic mice expressing a RARb 2 promoter-Lac Z fusion gene were used throughout the whole study (Mendel- Fig. 3 . cDNA fragments isolated using modified mRNA differential display method. (A) A representative example of mRNA differential display. Total RNA extracted from day 9.0 p.c. RBP-AS oligodeoxynucleotides-treated (AS) mouse embryos (12 h) and control embryos (N) were used for RT reaction with H-11 C anchor primer. PCR reactions were conducted using H-11 C anchor primer (3 0 ) and H-AP9 arbitrary primers (5 0 ) in the presence of [ 33 P]-dCTP. The PCR products were separated on 6% denaturing polyacrylamide gel and revealed by autoradiography. (B) Fifteen microliters of re-amplified cDNA fragments from both AS and N samples were compared on a regular 2% agarose gel (left panel) and 2% bisbenzimide-PEG gel (right panel). The difference between AS and N samples was indicated by an arrow. sohn et al., 1991; Båvik et al., 1996) . Embryos at the same developmental stage (four to five pairs of somites) were carefully selected for culture. Procedures for RBP-AS oligodeoxynucleotides preparation, microinjection and embryo culture were performed as previously described (Båvik et al., 1996) .
RA treatment
Embryos were cultured with 1 mM of RA dissolved in dimethyl sulfoxide (DMSO, Sigma) or 0.1% of DMSO only in the culture medium for 6, 12 and 18 h in the dark. After culture, the yolk sacs were removed and the embryos were washed twice with phosphate-buffer saline (PBS) for 5 min on ice and finally fixed in 4% paraformaldehyde (Fisher) overnight.
Differential display
Total RNA from cultured embryos with their yolk sacs removed were extracted using RNeasy Mini Kit (Qiagen) and subjected to a cleaning step to remove genomic DNA contamination using Message Clean kit (GenHunter Corp., Nashville, TN) according to the manufacturer's instruction. The integrity of the RNA was verified on a 7% formaldehyde agarose gel. One hundred nanograms of total RNA from RBP-AS injected and control embryos were subjected to semi-quantitative RT-PCR using the primers specific for each gene. (A) Representative data from mouse type VI collagen alpha 3 subunit (COL VI 3a), alpha tropomyosin (TMPa), protein phosphatase-Ca (PP2A-Ca), mouse DN 38 clone, and chaperonin subunit 8 theta (CCT8) (left panel; upper band). RNA concentrations were normalized by GAPDH (lower band). (B) Representative data from mouse muts homolog 2 (Msh2), mouse NADH dehydrogenase 1 alpha subcomplex 2 (Ndufa2), mouse SmcD, ribosomal protein S19 (RPS19), mouse cullin 1 (cul-1), secreted Frizzled related protein-1 (sFRP-1), ganglioside-induced differentiation-associated protein 10 (GDAP-10), and mouse ATPase subunit 6 (right panel; upper band). GAPDH primers were used to normalize RNA samples in each PCR reaction performed (bottom band). (C) The expression level of three EST sequences AI661726, AI844577, and BE685770 were analyzed via semi-quantitative RT-PCR with specific primers designed according to their sequences. Gene specific RNA expression is presented on the top panel and GAPDH expression is presented on the bottom. N, control embryo RNA; AS, RBP-AS 12 h treated embryo RNA.
Differential display was performed using RNAimage kit (Genhunter Corp., Nashville, TN) as recommended by the manufacturer. In brief, RT reactions were performed using RBP-AS injected RNA and control RNA (0.2 mg for each RT reaction). The sample was heated at 658C for 5 min in a thermocyler, followed by 1-h incubation at 378C. Finally, the enzyme was inactivated at 758C for 5 min and the RT products were stored at 2208C for later use.
PCR amplifications of the RT products were performed in duplicate to reduce the number of false positives. A total of 16 pairs of primers were used for the study. The PCR reaction was performed according to manufacturer's recommendation (Genhunter Corp., Nashville, TN). PCR products were then analyzed by 6% denaturing urea polyacrylamide electrophoresis (Sequencing Gel Electrophoresis Systems, Bio-RAD). The dried gel was then subjected to autoradiography using Kodakl Biomax MR film at 2808C for 1-3 days.
DNA fragments of interest were selected by comparing the intensity and migration patterns of the control and RBP-AS samples. Selected cDNA fragments were excised from the dried gel. The PCR re-amplification of the excised cDNA fragments was carried out using the same PCR parameter with 250 mM dNTPs.
Bisbenzimide electrophoresis analysis
Bisbenzimide-agarose gel was prepared by adding one unit of the bisbenzimide-PEG 6000 (Hanse Analytik GmbH, Bremen, Germany) per milliliter of 2% agarose gel solution after the temperature of the gel solution had cooled down to 708C or below. The electrophoresis was carried out according to standard protocol except that the gel was covered with a cling film and the Tris-broate electrophoresis (TBE) buffer was added to the same level as the gel. After electrophoresis, the gel was stained with ethidium bromide and visualization of the bands was performed with a UV lamp.
Cloning and sequencing analysis
DNA bands were selected and excised from the bisbenzimide-agarose gel. The gel fragments were extracted using a DNA extraction kit (QIAEX II, Qiagen). Extracted DNA was PCR re-amplified using the same primers provided by the RNAimage kit (Genhunter Corp., Nashville, TN). PCR products were then subjected to cloning using PCR-Scripte Amp Cloning kit (Stratagene). The DNA was sequenced by the DNA Sequencing Facility at the University of Texas at Austin and the Sequencing Center at the University of Sheffield.
Semi-quantitative RT-PCR analysis
Semi-quantitative RT-PCR reaction was performed using GeneAmp Gold RNA PCR Reagent Kit (PE Biosystems). Total RNA from RBP-AS injected embryo (100 ng), RAtreated embryos (100 ng) and normal embryos (100 ng) were used as starting materials. Gene specific primers were designed according to sequences deposited in the GenBank database. Primers used for the PCR reactions are summarized in Table 2 . GAPDH primers were purchased from Clonetech and used as internal control for the PCR reaction. Nine microliters of PCR samples were removed every five PCR cycles after 25 cycles until 45 cycles. Electrophoresis of RT-PCR products was then performed on a 2% DNA agarose gel. 
